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3
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]
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surface
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Abstract

An analytical investigation was performed to evaluate
the influences of moisture and temperature on the
bifurcation load of cylindrical, composite panels subject to
axial loading. The composite panels ware 8-ply
graphite/epoxy (AS/3501-5) laminates. The laminate ply
orientations considered ware [O.,45.,—45.,90.]S, [90.,45.,
-45.,0.]8, and [45.,—45.,325. The analysis included several

different panel radii, +two sets of boundary conditions, and

three sets of initial moisture conditions. To evaluate the

influences of moisture and temperature, the transverse

moduli, E and shear moduli, Glﬂ, were degraded based on

2!
test data for thz AS/3I501-E system. Each ply orientation
was evaluated at 20 time/tempesrature conditions that ranged
from 80 F to 300 F and moisture concentrations ranging +rom
zZero moisture content to an equilibrium moisture
concentration distribution. The bifurcaticn logads were
determined using the STAGS-C) finite element shell analysis
progran. The bifurcaticn analvsis mode with a pre-buckled
linear displacement option was used for the analysis.
Moisture and temperature ware found to cause a reduction in
the panels bifurcation load ranging from 20.6 percent for
the [0.,45.,—45.,90.]S laminate to 42.7 percent for the

t45.,-45.]2 laminate.
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MOISTURE AND TEMPERATURE EFFECTS
ON THE

INSTABILITY OF CYLINCRICAL COMPOSITE PANELS

I. Introduction

8 Advanced composites are a leading c=andidate in the
search for improved aircraft and spacecraft structural
efficiency and, thus, improved system performance. In
aircraft applications, until very recently, thz use of
advanced composites has been limited to secondary structural
applications or wunigue primary structural appiications.
Howey -, th2 utilization of advenced composites for aircraft
primary structure has begun with thke new, all-conposite.

Lear business jet.

The desire to improve the efficiercy of the
structural design through the acplication of composites in
order to tailor the component’s strength and stiffness to

match the load and stiffrness requirements results in

components with unique structural responses. One difficulty
in such applications of advanced composites is *the inakbility
to use conventional; classical structural dasign practices
to predict the structural response of composite laminates.
Attempts ¢to apply isotropic analysis techniques, even for
quasi-isotropic laminates, vields questionable results.
Ofter, designers and sStress analysts will attempt to

compensata with the use of special knock-down factors to

e
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{ reduce the composite’s strength or stiffness so that a
“conservative" design is produced. The efficient use of i

advanced composites in primary structural applications will

N depend upon the development of suitable design and analysis i

tools that adequately predict the composite’s structural

P response.

In a semi-monocoque structural design, thin skin panels

Pk e

along with fuselage frames and longerons or wing skins with
spars and ribs are used to achieve an efficient structural

design. Several all-composite aircraft designs have been

proposed which utilize a semi-monocoque design approach in

which composite panels are used for the fuselage skins or _ h

f‘ wing skins and cemposite members are used for the frames,
longerons, etc. ’

In such a semi-monocoque design, the accurate

determination of the buckling load cf the curved skin panels

is necessary to prevent premature structural failure. This

determination of the buckling loads, even for relatively
simple isotropic structures, is often complicated by unusual
shapes and boundary conditions and/or combinations of loads
and moments. Designers and analysts rely upon simple
a theoretical cases with knpwn solutions or parampetric
equations based upon laboratory testing to develop buckling
] allowanles. Tre application of npumerical techniques,

especially finite difference and finite element techniques,

. has provided a nzw nrthod of perforning shell stability

analyses.




These numerical techniques are of special importance in
the evaluation of composite curved panels. Unlike isotropic
panels, the unigueness of the composite panel, due to the
design dependent number and orientation of the plies,
prevents the development of general design tools. Hence, in
most applications, these numerical techniques, in the form
of computer programs, provide th2 only means, besides
experimentation, for determining a composite panel’s
buckling load.

Perhaps because of the current limited applications o+
composites for thin, structural skin panels, there has beeﬁ
very little published on the stability of curved compcasite
panels. The majority of work has dealt with flat plates or
shells-of-revelution. J. D. Wilkins, Ref 1, conducted an
experimental investigation of the bucklirg strength of a
cylindrical composite panel subject to axial compression
with two sets of boundary conditions. M. L. Becker (2)
extended Wilkins’ work to more boundary conditions, several
panel sizes and aspect ratios, and different ply
crientations. Becker also used the finite difference
version of the 8TAGS5-C (Structural Analysis o0f General

Shells) program to compare the analytical and experimental

buckling results,

An aspect of composite’s research receiving
considerable attention, 1is the influence of moisture and
temperature on th2 structurai characteristics of the

composite system. These influences, sometimes referred to




as hygrothermal effects, fall in the general category of
environmental influences. Such environmental effects have
been found to significantly degrade the mechanical

properties of most organic matrix compounds (3-14).

This thesis extends the analytic work of Becker to
evaluate the ingstability of composite cylindrical panels
ﬁ subject to axial cempression, using 3 new finite element
version of the STAGS-C shell analysis program. The
influence of environmentally-caused reductions in the:
composite’s transverse and shear moduli on the panel’s
bifurcation 1load will be investigated using this finite

element program.

The cylindrical panels evaluated in this thesis are 12

in. by 12 in., 8-piy laminates made of Graphite/Epoxy. The

panel’s thickness. width, and height are held constant while

the radius, ply oriertatiocns, and boundary conditions are

varied. Three radii, three ply orientations, and two
f‘ boundary conditions are investigated. During the
. investigation of the environmental influences, four

b 4 temperatures and three surface roisture conditions at five

time values are evaluated.

L e
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While composites have many superior properties compared
to metals, the commonly used epoxy composite systems are
significantly affected by environmental exposure to an agent
such as water, which is absorbed by the polymer resin, and
to thermal conditionz which are near or exceed the polymer’s
glass transition temperature. The fibers, which are
f typically graphite or boron, are not affected by either

water or the moderate temperatures an aircraft viould
encounter during normal service. As a consequence, the
o resin-dominated material properties are affected.

Whitney and Ashton (3) reported that the environmental
factors which infiuence the resin properties were a)
increases in temperature, b) absorption by the polymeric
resin material of a swelling agent such as water vapor, and
c) the sudden expansion of absorbed gases in the resin, It
was noted that resin swelling alone, due to moisture and |
temperature effects, could cause a flat composite plate to
buckle.

Temperature and noisture act on the polymeric resin in

:1 two ways. Increasing temperatures cause the resin to swell.

i Absorbed water vapor, which in one study (4) was believed to
be due to the water molecules oonding to the hydroxyl groups
in the epoxy polym=zrs, also causes the resin to swell.

! Matrix swelling and rapid beating may eventually 1lead +to

S




surface crazing and surface cracks which will affect the
resin’s mechanical preoperties (12 and 13).

Temperature and moisture also act together to cause
reductions in the temperature range over which resin
mechanical properties are fairly stable. Moisture absorbed
in the resin results in a plasticization of the resin. This
plasticization is the result of the lowering of the glass
transition temperature Tg. The glass transition temperature
is actually a temperature range in which below this range
the resin is essantially brittle and above this range it
behaves rubbery.

This change in Tg’ due to an absorbed agent, is common
in polymer science. The polymer’s Tg is a function of the
free volume in the material. It is accepted theory (14)
that 1740 of the total volume of the material is free volume
(total volume less the molecular volume) at and below the
material’s T _. As the polymer absorbs an agent, such as
water, which contcins more free volume, the percentage of
free volume of the mixture will increase (12). When the
mixture’s free volume is above 1/40C of the total volume,
the resin begins to soften. Thus, the mixture’s temperature
must be lowered for the mixture’s free volume to return to
1740 of the total volume. This results in a lower Tg' As
increasing concentraticons of moisture are absorbed in the
resin, the Tg is continually lowered until a moisture
equilibrium is rcacherd. Once eguilibrium is reached, the Tg

remains censtant,
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These changes in the resin have been found to result in
decreases in tha tensile properties (&) and reductions in
the transverse and shear moduli (7, 8, and 13) of the
composite. A slight increase in the longitudinal elastic
moduli was reported in Ref 13. As noted in Ref 12, these
changes in the composite’s mechanical properties may be
grouped into two general classifications: (a) those changes
due to moisture-induced plasticization which reduces the
temperature range over which the material properties are
relatively stable and (b) thaose losses due to mechanical
damage from moisure-induced swellihg and rapid heating which
results in surface crazing and cracking which affect the
mechanical properties below the Tg. The reduction 1in
mechanical properties is most significant in the tensile
properties. - This 1is primarily because the resin 1is very
brittle below the Tg and the resin is lese sensitive in

shear to any surface flaws than it is in tenzion (13).

Prediction of Absorbed Moisture

When the mechanical properties are determinec by
testing, they are usually measured at known temperatures and
moisture concentrations. The absorption of water vapor into
the resin is through diffusionr, Under certsin
circumstances, Fick’s second law of diffusion (23) has shown
good correlation with test data, FigQ 1, at predicting the

rate of moisture weight gain in & polyaseric resin and in the

composite. Fick developa2d thics eguation in 1855 by drawing
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an analogy between heat conduction in a sclid and diffusion
through a solid.
The Fick equation is:

2
C
oC __KA

ot dz¢

where: T -~ the concentration of the diffusing
substance through the thickness of
the laminate as a function of tire
and distance through the thickness

Z ~ the space coordinate measured normal
to the surface

K - the diffusion constant
t - time
The solution of this partial differential equation with
boundary and initial conditione pertirnent to the problem is
shown belcw; This series solution in a slightly different

form is found in Section 4.3.3 of Ref 23.

C(Z,t) = C"" (CZ"C&)_g
h
-K nitt

+_Z_Z Cz cos n - C, s nx’Z C”P—_—R'i__
K N h

n=l

+ ‘”:02 | smimRZ exp -K(Zm::\i( €
g9 Lo 2w h h
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c and C represent the inital set of moisture

o’ 1’ 2

conditions for the laminate. Co is the 1initial moisture
concentration distribution through the thickneszs of the
laminate. C1 ie the initial moisture condition at the
surface of one side of the laminate. C2 is the initial
moisture conditicn at the surface on the other sidé of the
laminate. The thickness of the laminate is represented by
h.

Using this series sclution with a known diffusion
constant and prescribed initial conditions, the moisture
caoncentration distribution through the thickness can be
determined. With the assumption that the =2ffective moisture
concentration of each ply can be approximated by the
calculated moisture concantration =t the middle of the ply,
the reduced mechanical properties of each ply can be
determined from appropriate test data.

This series solution is seen to represent the summation

of a steady state moisture distribution, represented by the

first and second terms, and a transient moisture
distributiaon that is a function of time. This is
represented by the last two terms. The influence of the
transient terms decreases with increasing time. The

accuracy of this series approximation is dependent upon the
number of terms used during the two summations. This
solution was calculated by the computer program shown in
Appendix A. To ingure an accuratea soluticn the summations

were carried out until there was no change from th= previous




answer, On the CDC computer this equated to 14 significant
digits of accuracy.

There a&sre limitations on the applicaticn of Fick’s
equation. The series solution of Fizck’s eguation assumes
that the moicture diffusion coefficient K is constant. The
diffusion coefficient is a function of the laminate’s
temperature. However, since the moisture diffusion is a
relatively slow process, with many months or years reqgquired
before the moicture cconceontration distribution through the
laminate achieves equilibrium, the diffusion process, 1in
simple cazes, may be assumed to take place at & ceonstant
temperature. Bergmann and Nitsch (4) have noted that kK also
varies with the laminate’s moisture concentration generally
increasing with increasing moi1sture concentration levels.

The accuracy of Fick’s equaticn iz alsn affected by
rapid temperature changes. Rapid thermal heating of the
laminate (which may be due to flight at =supersonic <peeds),
where the laminate is heated to temperatures near the
material’s Tg’ has been found to increase the rate of
moisture weight gain above that predicted bty the Fick
equation (7, 10, 12, and 13). This increas2 is believed due
to the developmernt of surface crazing and cracking brought
about by the rapid teating and resin swelling (12).

With the restrictions of no rapid heating and no
surface crazing or cracking, and assuminyg that K is
constant, Fick’s ejguaticon has buen gernsrally accepted as &

good initial approsimation of the moirsture coicencration

11
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distribution for simple cases (4, 7, 9, 11, and 12).

The STAGS-C1 shell analysis program discussed in
Section 1II requires, as input parameters, the composite’s
longitudimal moduli El’ transverse moduli E2, shear moduli
612, and Poisson’s ratio 1/51. Foisson’s ratio qu relates
the strain in the 2 direction to the strain in the
direction when stresed in the 1 direction. Experimentally-
measured data for a graphite/epciy svstem, AS/3501-E, Ffrom
Fig 9.18 of Ref 15 was used in the determination of the
elastic moduli as a function of temperature and moisture
concentration. The units of stress in GPa and temperature
in degrees Kelvin are converted to psi and Fahrenheit. The
values of E and G

2 12

intermediate values were interpolated, are shown in Table I.

used in this work, from which

The method used for interpolation is described in the next
section. Figure 2 shows this data in a graphical form.

The moisture and temperature influences on the
transverse and shear meoduli are clearly evident i1n  the
experimental data for A5/3501-5 shown in Table I and Fig 2.
The transverse moduli E2 shows degradation both at room
temperature and at elevated temperatures while the shear
modul i 612 only shows degradation at elevated temperatures.
The wmoisture causzd chanoue in the Tg and the resulting

plasticization of tho2 resin is shown by the ircreased

i2




degradation in the moduli with increasing moicsture

concentration at each elevated temperature. This is
consistent with the previously noted expectad changes in
elastic moduli. The longitudinal moduli E1 is dcminated by
the fiber stiffness and hence is not significantly influeced
by changes in moisture and temperature as are the matrix

dominated E2 and G moduli.

12

The value of qu used in this analysis was taken from
Table 1.9 of Ref 1S. The value of qu is 0.30 which is a
representative value for AS/3I501-5 cocmposites. E«amination
of the test data (13) upon which the material in Ref 15 was
based shows that qu

moisture concentration. The range of variation was from

does vary with temperature and

0.36 to 0.46. The sensitivity of the analyses to this
variation in qu was found to b2 wvery small. This is
discussed in more detail in Section 1IV.

The experimental stress—-strain data frocm Ref 13,

reflecting the changes in the shear and transverse moduli as

a function of temperature and moisture, are shown in Figs 3

and 4, respectively.
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Values of Transverse and Shear Moduli
for AS/3501-5 (15)

Moisture

Concentration
{percent)

olo
0.050

1.050

Shear Moduli,

0.0

1.050

80 F
1.41375E06
1.305E04

1.2615E06

612 {psi)

0.8555E06

0.8555E06

Transverse moduli, E2 (psi)

Temperature
200 F 250 F
1.09473TE06  1.013E06
0. 2135E04 0.6235E06
0.841E06 0.4785E06
0.7830E06 0.6815E056
0.465S97E06 0.3918E06
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J00 F
1.015E06
0.522E06

0.290E05

0.6525E06

0. 15223E0&
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The cylindrical shell was one of the first shell shaces
to be used structurzlly. From an analytical viewpoint, the
analysis of cylindrical shells and, in particular, the
analysis of the stability of cylindrical chells was bzqun in
the late 1800s. In the early 19003, the analytical
treatment of cylinders under & variety of loads was

developed with the most comprehensive treatment done by

Flugge in 1932. In 1933, Donnell (i1&) proposed a set of
simplifications of the non-linear cylindrical shell
equilibrium egquations. These Donnell equations formed the

basis for much of published stability analyses until, in
recent years, the availability of high speed computers has
led to the developmsnt of efficient numerical analytical
techniques.

The application of numerical techniques to structural
problems began in the 19503 with the advent of matrix
analysis. Theze matrix techniques have evolved through the
devel onment of a strong mathematical base into the familiar
finite difference and finite element methods now widely
used. In the application of these techniques to the study
of the stability of shells, a series of programs were
developed at the Lockhesd Palo Alto Research Laboratory.
These orograms have cenerally bean known hv the name STAGS.

The two most recent versicns of the pregram are the finite
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difference varsion, STAGS-C, and the finite element version,
8TAGS--C1. M. Becker used the finite difference version,
STAGS~C, in Hhis comparison of experimental and analytical
buckling londs for cylindrical composite panels (2). Since
his work, the finite element version, STAGS-C1l, has been

released and was used in this thesis.

The STARGS-C1 program has been specifically developed to
perform a collapse analysis of general stiffened and
unstiffened shells. The program has several operating
modes. Among these are a linear or gecmetric non-linear
static aralvsis, a bifurcation analysis with a lirnear or
ron—linear stress state, and a small vibration analysis
with either a stress—-frez2, linear, or nonlinear stress
state. The program is capable of handling both isotropic or
layered orthotfopic materials. The reader is referred to
Ref 17 for a comprehensive review of the capabilities of
this prcogram and to Ref 18 for an explanation of the
program’s input parameters.

Both the finite differ=nce and finite element programs
are useful in the analysis of shells. While the STAGS-C
finite difference program is usually considered better
suited for mpdeling curved surfaces due to the curvilinear
fit, it has been found to be less efficient, in certain
analysis mooes, than the STAGS-C1 finite eloerent progrsm

which uses fiat eloments. Curved finite e@lements have not

19
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vyet been found to be practical becouse they tend to require

large amounts of computer time for the formulation of the

stiffness matrix. They also have the problem of self-
strainingy straining do to rigid body movement assocjiated
with the out-of-plane displacement of the shell’s surface

prior to buckling (19). Until suitable curved elements are

Tl S ST

»

developed, modifiad flat elements are used in STAGS-Cl.

The modeling of & cylindrical surface with flat
elements is shown in Fig 9. These flat elements have
conformity problems which are of inmportance in their
E application to nonlinear and stability problemse. As seen in
Fig S, both rotational and displacemsnt problems develeop at

the nodes. The rotational problem is dealt with by assuming

: that the angle of intersection & is small, and, as a

concsequence, the normal rotaticn is ignored and the
4

s

conformity constraint is met by letting/?;l) =A9;2).
The interelement displacement continuity is hore
difficult to deal with. Complete displacement compatability

along the common boundary requiras that

(2)

W - v cos (/2) — (W w!P) sin(v/2) =0

(w-w®) cos (=/2) + (Vv ¥) sim (%/2) =0

b where v and w are the displacements in the vy and =z
! directions, respectively, as shown in Fig S. If v and w are
not represented by polynomials of the same order; then these

s conditions wili not b2 met. Failure ¢tn meet these

conditions will allow the individual elements to buckle

20




Figure 5. Modeling of Cylindrical Shell with Flat Flates
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under axial compression as plates with free edges.

This displacement conformity is met by adding
additional freedoms to the element that will raise the order
of the polynomials representing inplane deformation. Since
W is represented by a cubic polynocmial, because the strain
enerygy expression includes second order derivatives of the

transverse displacement w, it is necessary that u and v also

be represented by cubic polynomials. This is achieved by
the use of two rotations at each neds, Vi and u,y, and
tangential displacements at midside nodes. The difference

between these two rotations is the shear strain at eacn

¥

23 S !4) is introduced as

an additicnal freedom . Thus, each element has 7 degregs-

node. This shear strain (31, Y

of-freedom at each node and 4 additional displacement
freedoms for a total of 32. These additional degrees—of-
freedom were added to raise the order of the polynomial
representing the inplane deformations. This element is
referred to in the STAGS-C1 program as SH411l.

A somewhat simpler version of the SH411 element, the
SH410 elemant, 1is also included for thin shell analysis.
This element excludes the midside tangential displacements
and uses only an average normal rotation at each cof the
corner nodes. This restricts u to a linear function in the
x-direction and v to a linear function in the vy-direction.
The shear strain is also suppressed at the nodes.

The frezdums for both these elements are shown in Fig

6. The reader 1is referred to Refs 19 and 20 for a more




thorough explanation of the develepment of these elements.

Reference 19 contains the derivation of the SH411 element.
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Since this thesis deals with the problem of the
buckling of thin, composite panels, a statement of the
pertinent assumptions and restrictions is needed. Reference
21 contains a concise statement of restrictions and
assumptions applicable to thin plate theory.

Restrictions:

A) Each layer of the laminate 1is orthotropic, linear
elastic, and of constant thickness.

B) The panel thickness is very small compared to its length
and width.

c) The radius of curvature of the panel is large insuring
that the curved panels may be described as challow shells or
quasi-~shallow.

Assumptions:

A) Stresses acting in the xy plane dominate the panesl
betavior. As a consequence, O}, sz, and Tyz are assumed to
be zero and a state of plane stress exists.

B) The Kirchhoff assumption of negligible transverse shear

strains, J’xz and 4 and neqgligible trancsverse normal

vz’
strain, 62, applies.

€C) The displacements u, v, and w are small compared to the
panel thickness.

D) The square of the rotations are small compared with the
linear strains.

E) The strains, Gx’ eyg and J“y, are small compared to

unity.




A diagram of the plate element’s geometry and stress
resultants is shown in Fig 7.

The assumptior that the transverse shear strains may
be assumed to be rfero resulls in the transverse shear
stresses also being zero. This is a stanoard assumption in
classical laminated plate theory. This is fortunate because
the ©SH411 and SHA10 plate elements deccribed previcusly do
rot include transverse shear straine in their formulaticn.
However, in addressirg the nproblem of environmnental
degradation in composites, t%is assunption may not be valid.
Flagygs and Vinson (22) have developed & general buckling
theory Ffor flat platocs which accovnts for the rmoisture eand
temperature effects and includes transverse shear, normal
deformation, and bending-extensional coupling. The
application of this theory to curved panels will require a
finite eloment with transverse shear capability. One such
element, referred to as an AHMAD-type elem=nt (19), is
currently under devalepment but is not vet available in
STAGS-C1.,

Because of the anparent need for a transvercse shear-
capable element to toitally address the moisture anu
temperature effects, the study of these effects will b=
limited to the Cdegradations 1in elastic moduli due to
moisture and temperasture. Resin swelling, either due to
moisture absorption o {emperature expansion, will not be
included.

Another restriction needed to vee STARSG-CL is that each

26
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Flate Element Geometry and Stress Resultants
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layer’s material properties are assumed to be constant

e

across the layer’s thickness and throughout that lavyer. In

e e

the calculation of tbe degraded elastic moduli, each layer
was assum=zd to have a uniform moisture concentration equal

to the value calculated at the ply’s mid-surface. In the

i‘
5
4
*
.*%
?
1

determination of the temperature degradation, the entire
laminate was assumed to be at the specified temperature.
With these additional restricticns and assumptions, the
STAGS-C1 program should adequately predict the panel’s
critical load. By limiting the problem to only changes in
elastic moduli, the influence of these moduli degradations
may be addressed separately. Also, the problem of modeling !

the laminated plate is simplified.

Because flat elements are being used in the +finite
element model, the formulation of the stress—strain
relationships is straightforward as showr in Ref 21. Since
unsymmetric moisture concentration distributions through the
laminate’s thickness will be investigated, bending-
extensional coupling will develop. The equations relating
the stress resultants to the mid-surface strains and

curvatures are
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where: Ni ~ membrane stress resultants
Hi - bending stress resultants
Aij’ Bij’ Dij - stiffnesses

6? - mid-surface extensional strains

}:y'— mid-surface shear strains

Ki = mid-surface curvatures
The Aij are calied the extensional stiffnesses, the Bij are
called the coupling stiffnesses, and the Dij are called the
bending stiffnasses. The Bij results in coupling between
bending and extension. For symmetric laminates. the Bij
vanish and there is no coupling between bending and
extens” nn. The influence of the Bij will be evaluated

through the appropriate selection cf initial moisture

conditions that result in symm2tric and unsymmetric

laminates.
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Finite Element Model

This thesis will evaluate the stability of cylindrical
composite panels subject to axial compression. A typical
composite fuselage skin panel with backup structure is shown
in Fig 8. This structural component is used as the basis
for the development of the finite element model shown in Fig
10. The STAGS-C1 cylindrical shell geometry is shown 1in
Fig 9.

The panel is square with the panel height and
circumferential width being equal. Such a panel is defined
to have an aspect ratio of 1. The aspect ratino is defined
to bDe equal to the height divided by the width for both
panels and elements. All panels in this thesis have aspect
ratios of 1. This panel aspect ratio determination is
different from Becker’z (2) where the panel’s chord
dimension was defined as the panel’s width. This resulted
in the panel’s aspect ratio being a function of the panel’s
radius of curvature. The use of this notation would have
made the comparison of panels with different radii difficult
because each panel would have a different aspect ratio.

The boundary conditions used in the evaluation of the
- moisture and temperature effects were selected to represent
= those of a typical backup structure rather than the standcard
i eimple or fixed bcundary conditions. Two sets of boundary
- conditions were chosen. The first set of condilions assumes

that the backup structure’s ring frames and longerorns are

30
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effective in restraininrg out-of-plane deflections (W) and
rotational movement (RU, RV, RW). The top frame and side
longerons are assumed tc not be effective in resisting the
axial compressive load but do resist in-plane displacements
in the circumferential direction (W. The second set of
boundary conditions is identical to the first with the
éxception that the longerons are assumed fo have no
torsional stiffness and, herce, cennot resist a torsional
rotation. In the first set, the longerons were assumed to
be closed sections and, hence; effective in torsion. In the
second set, the longerons were assumed to be open sections
which have 1little effective torsional resistance. The

boundary conditions are summerized in Table 11.

Table II

Panel Boundary Conditions

U v u RU RV RW Uu v RU RV RW
Top i 0 o© 0O 0 O 1 0 o o 0 0O
Right Side 1 0 O 0O 0 O 1 0 O 1 0 O
Bottom o o ¢ O 0 O o 0 O o ¢ 0
Left Side 1 O O 0 o0 o 1 0 O 1 0 O

where O represents a fixed displacement and 1 represents a
free displacement along the panel’s edge.

The loads applied to the panel represent axial
compression lcading. This load is assumed to act uniformly
across ths top ©of the nenrl end i reacted acress the hottom

of the panel.
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STAGS-C1 has two buckling analysis modes. One uses a
linear, pre-buckling displacement state and is referred to
in the STAGS-Ci manual as the bifurcation analysis with a
linear stress state., The second method uses a geometric
pre-buckling, nonlinear displacement calculation and is
referred to as the bifurcation analy;is with a non-linear
displacement state. As noted in Ref 19, the SH411 and SH410
elements have not produced good results using the nonlinear
mode in predicting post—-buckling modas. Thus, the
bifurcation analysis with a linear displacament state prior
to bifurcation will be used. This method will calculate the
pre-buckling displacements and rotations, stress resultants,
strains, and stresses as desired. It also predicts the
bifurcation eigenvalue and the shape of the eigenvector. It

does not vield ény post-buckling information.
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Evaluation of STAGS-C1 Program

A series of comparison runs with the STAGS-C finite
difference version of the program and a convergenue study
to determine the best mesh size was performad. Previcusly
run STAGS-C results for a 12 in. high by 12.567 in. wide
cylindrical compoéite panel (panel aspect ratio cf 1. per
Becker’s notation?}, with several sets of boundary
conditions, were compared with the eqguivalent STAGS-C1
finite element resulfs. These ETAGS-C finite difference runs
were done by Becker as a part of the work reported in Ref
4, The STAGS-C runs used the linear bifurcation analysis
and the STAGS-C1 runs used the bifurrcation analysis with the
linear stress state ogption.

The panel’s ply orientation was [45.,-45.) with a

25
panel radius of 12 in. The boundary conditions along the
vertical, straight gcide were changed while the boundary
conditions along the top and bottom were not changed. The
STAGE-C1 results compared well with the STAGZ-C results even
though the STAGS-C program was using a curvecd surface
formulation and the STAGS-Cl program was using flat plate
elements. The results of this comparison study are shown in
Table 1Il1. These STA55-C1 runs were made using the simpler

SH410 flat plate element with a 24 row by 25 column element

meash.
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Table III

Comparison of STAGS~-C and STAGS-C1 Results

Round. Case STAGS-C STAGS-C1 Percent
Cond. Bif. Load Bif. Load Dif¥f.
Free BF1 1146.5 107.2 8.0

cci BC1 392.7 399.0 1.6

CcC4 BD1 498.0 488.5 1.9

S51 BS1 391.6 396.1 1.1

854 BT1 477.2 452. 6 S.2

When using a finite element progranm, it is important

that the convergencé characteristics of the elements chosen
for use is known. To evaluate the convergence
characteristics for the two elements, SH411 and SH419, and
to determine the optimum mesh size and ela2ment aspect ratio,
A& series of runs were made on cylindrical panels subject to
axial compression. The bifurcation analysis with the linear
stress sta*%e option was used for all cases. The parameters
evaluated were:

1) Converéence characteristics of the SH41i and SH410

elements.

2) Influerce of panel ply crientations on tha
convergence characteristics. Panel ply orientatiecns of
t45.,—45.]28 and [0.,45.,—45.,90.35 were evaluated.

3) Influence of panel radius and panel size on the

convergence characteristics.

4) Influence of mesh density and element aspect ratio
on the convergence characteristics.

In Ref 19, whrn the convergence characteristics of the

two elements were evaluated €or a cylindrical sheli, the




S§H410 element converged very rapidly compared with the SH411
element. It was believed ihat the2 rapid convergence was the
result of case—-dependent cancellation of errors in different
directions. The SH410 element also tended to converge more
rapidly than the SH411 element in this converaence study.
The reason for the better performance cf the SH410 element
is not evident although it is probably related to the
cylindrical panel being curved in only one direction. Figure
11 shows typical convergence results for a [(406.,-85.1]
panel using the SH411 element and element aspect raéios of
0.5, 1.0, and 2.0. Figure 12 compares the convergence
characteristics of the SH411 and 5SH410 elemernts for the

t4s.,—45-] and fo.,“s. ,_45- ,90- JS panels-

28

The panel’s ply orientation had the areatest influence

on the rate of convergence with the [45.,—45.]25 panel
converging slower than the EO.,4S.,-45.,90.]S panel. The
element aspect ratio al=so influenced the rate of

convergence. An element aspect ratic theight/width) of 1 had
the best rate of convzrgence followed closely by arn  aspect
ratio of 0.5. The panel radius and panel size (with panel
aspect ratio of 1) did not significantly influence the
convergence characteristics., Both the SH410 and SH41l1
elements appeared to be converging monctonically once an
element mesh size of 32 elemeznts was reached.

The accuracy of the STAR5-Cl rrogram was evaluated by

ccmparing the bifurcatior load of a square [0.,90.3 flat

25

plate with simple supvorted edges with the theoretical

37




solution shown in Ref 21. The thecrotical critical load is

/3 TCZ Oz2
b2

Nx"
These results are shown in Table IV.
Table 1V

Comparison of SH410 and SH411 Elcments
BRifurcation Loads to Theoretical Rocults

Element SH410 Percert SH411 Percent
Mesh Error Error
& X b6 1.547 4.74 1.3529 5.85
10 X 10 1.597 1.79 1.8517 2.28
14 X 14 1.611 0.80 1.605 1.17
= 18 X 18 1.616 0. 49 1,613 0.68

The SH410 element required only approximately one-hal¥f
of the computer time required for the SH41:1 elemant. for
both flat plates and the cylindrical shells, the 8SH410G
element has better convergence characteristics and a smaller

error than the SH411 element.

For the evaluation of the moisture and temperature

influences con the bifurcaticn load, a mesh density of 14
elements by 14 elements was chosen. Comparing the
bifurcation load at the 14 by 14 element mesh with an

extrapolated bifurcation load shows that +or the

(0.,45..-45.,90.3S panel the SH410 zlement had an error of

. 0.64 parcent and the SH11! element had an error of 3.38




percent. For the [45.,-45.]28 panel, the SH410 element had
an error of 10.45 percent and the SH411 element had an error
of 27.44 percent. The extrapolated bifurcation load was
calculated using the last three values for the bifurcation
load for each case and then applying the Aitken 152
"extrapolation to the limit" method.

The ©SH410 element will be used in the moisture and
temperature evaluation because of its better accuracy and
quicker computer run times. The finite element mosh chosen

will be 14 by 14 elements (196 elements total) with 225

nodes. The mesh is square with an element aspect ratio of

1.
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; 1V. Moisture and Temparature Conditions Evaluated
the :

Test data (13) for the AS/3501-5 graphite/epoxy system,
which included the dearadation in the transverse and shear
moduli, was available for a saturation moisture
concentration of 1.05 percent. The moisture concentration
is measured as a percentage of weight gained. To de=termine
the moisture concentration through the laminate’s thickness
as a function of time, the series solution to the Fick
equation is used. The coefficients, C1 and C2,
% representing the moisture concentration at the surface of
; the laminate, are selected along with the desired
- dimensionless time T* (where T‘ = K(inzlsec) X
t(sac)/hz(in)z). In the evaluation of the moisture and
temperature effects, three moisture concentration conditions

were evaluated at each of five time intervals., These

moisture conditions are shown in Table V.

Table V

Moisture Conditions

g Cond. No. Cq c, c,
’ 1 0.00 0.00 0.0105
'é 2 0.00 0.0105 0.00
X 3 0.00 0.01035 0.0105
i
’: The coefficient Co represents the initial moisture
!
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concentration in the laminate. For the cylindrical panel,

C1 is the moisture concentration on the inside (-2Z) surface

and C is the moisture concentration on the outside (+2)

2
surface. Conditions 1 and 2 will result in an unsymmetric
degradation of the E, and G moduli resulting in an

2 12

unsymmetric laminate. This will introduce bending-extension
coupling. Condition 3 is symmetric and will net produce any
bending-extension coupling.

The dimensionless times used in this analysis are 0.0,

0.001, ¢.01, 0.1, and 0.5. Table VI shows the

correspondence between real time and T'. The moisture

distributicn through the thickness for moisture conditions
1 and 3 and the five time values are shown in Fig 13, A Tt
of 0.5 represents the steady-state distribution. The
moisture distribution is shown in Fig 13 as a continuous
furction. As noted in Section 11, the moisture
concentratien is calculated at the center of each ply and

then assumed to be constant through the thickness.

Table VI

Relation Between Real and Dimensionless Time

Real Tim2 Real Time Dimensionless Time T‘
(sac) (days)

0.0 0.0 0.0

3.04TEOQS 0.35 ©0.001

. 0485E03 I. 22 0.01

3. 045E04 35.24 0.1

1.527E07 176.24 0.9

Note: These +imes wvere calculated using K = 0.352537E-10

(inzlsec) for an 83-nly, 0,40 thick. AS/3501-5 laminate. The
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parametric equaticen used to dete-mine K was taken from Ref

15. 7This equation is

-G 77 2
K= 6.5/ exp| 2722) x(.03937)

where: K - diffusion Coefficient in inzlsec

T - Temperature in degrees Kelvin

——— el el S S eom ST

The test data for the AS/3801-5 was taken a2t four
temperatures: 80 F, 200F, 25C F, and 300 F. These four
temperatures werea used to evaluate the influence of
temperature. A thin laminate reaches temperature
equilibrium very quickly when compared with the time to
reach meisture equilibrium. Thus, the lzminate was assumed

to be at a constant temperature in this evaluation.

For a caelculated moisture concentration and at a given

temperature, the reduced E2 and 6 values are calculated

12
from the data shown in Table I. This requires an
interpolation of the te=st data at the given temperature. A

linear interpolation between the data at the known moisture
concentretions was used to calculate intermediate wvalues.
In this manner, the E2 and 612 values for eacB ply were
determined. Forr moisture condaition T, the reduced moduli

distribution +t{hrough the thickness for E, and 812 are shown

4%
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F on Figs 14a and 14b, respectively. These ¢two figures
represent the general trend in moduli degradation as a
function of time and temperature and do not show the

degradation of moduli through the thickness.

12y 4

——m A, E s

Three 8-ply laminates will be evaluated. The three ply
orientations chosen are [0.,45.,—45.,90.]8, [90.,45.,—

3 45.,0.1 and [45"—45'358' The relationship of thezse three

S!
orientations +o the STAGS-C1 coordinate system is shown in

Fig 15.
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STAGS-C1 Cases

The combination of mpisture conditions, temperatures,

and times generates a matrix of 60 cases for each

laminate

per boundary condition. These 60 cases are broken into
three sets of 20 cases; 20 coses for eaoch moisture
condition. Because of the large number of cases to be
evaluated, all &0 caszes were run for only the boundary
condition with the fixed vertical edges. Only the 20 cases
for the first moisture condition were run for the vertical
edge’s simple-supported boundary condition to evaluate the
influence of this change. The matrix of case numbers and
the corresponding conditions is shown in Table Vil.
Table VII
Moisture and Temperature Conditiene Evaluated

Case Moisture Boundary Laminate Element
No. Cond. Cond. Type
1-20 1 Fixed £0.,45.,-45.,90.1S 410
21-40Q 1 Fixed [90.,45.,-45.,0.18 410
41-40 1 Fixed £45.,-45.32S 410
101-120 1 Simple [0.,45.,-45.,90.1S 410
121-140 1 Simple £90.,45.,-45.,0.1S 410
141-160 1 Simple £45.,-45.1328 4310
201-220 2 Fixed £0.,45.,-45.,90. 1S 410
221-240 2 Fixed [90.,45.,-45.,0.1S 410
240-260 2 Fixed {45.,-45.12S 410
401-420 3 Fixed £0.,4%.,-45.,90.1S 410
420-440 3 Fixed £{90.,45.,-45.,0. 1S 410
441-4460 3 Fixed £(45,,-45. 12 410
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These cases were all run for 12 in. by 12 in. panels
with a panel radius of 12 in. Two additicnal sets,
identical to cases 1-20, were run with panel radii of 24 in.
and 48 in. to evaluate the influence of panel radius on the
degradation characteristics.

The computafion of tha moisture concentrgtion
distribution and the reduction in moduli was done by a
computer program. A listing of this computer program is
included in Appendix A, This computer program also
generated the input deck for the STAGS-C1 program.

Once the value of E, was calculated, the corresponding

2

value of LQI was calculated using the relationship

Vi2 Vzi
£, E;

1]

As noted previously, both E1 and bﬁz w2re assumed to  be
constant. Actually, both of these material properties vary
with moisture concentration and temperature. E1 ircreases
by about 10 percent and 'Vaz varies from ©0.34 to 0.45.
Using the STAGS-C! program, tne increese in E1 resulted 1in
an approximat=aly eight percent increase in the bifurcation
load. ]/12 did not sigrificantly influence the bifurcation
load with changecs of less than two percent.

Since E1 caused an increase in the bifurcation load,

it was decided not to include this change iﬁ the ca=ze

studies bersuse 1% would make an evaluation of the effects

of reducticns in the uthaor tws moduli more difficult.
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V. Results and Liscussion

Reduction in Bifurcation Load

The moisture- and temperature-induced degradations in
the E2 and 812 moduli resulted in reductions in the panels’
bifurcation load. The results of the STAGS-C! runs for the
three panels with the fixed boundary condition are shown in
Figs 164, 17, and 8. In these plats ﬁgorig represents the
bifurcation 1load for the room teomperature condition at
T=0.0. This conditiocn is unaffected by either temperature
or moisture degradations. These results are also shown in
tabular form, along with individual plots fo~ each tims and
temperature series, in Appendix B. These results are for 12
in. by 12 in. panels with a radius of 12 in.

As was expected, the panels’ bifurcation load decreased
with increasing temperature and ahsorbed moisture. At the
higher temperatures and moisture ceoncentrations, this
reduction was significant; ranging from 21 pe-cent for the
tO.,45.,*45.,90.38 laminate to 4% percent for the [(45.,
—45.]2S laminate. These reductions are especially
significent considering that the longiitudinal moduli was not

changed. A summary of the maximum reduction in E; for each

laminate and moisture condition is shown in Table VIII.

These results are for the fixed boundary condition.
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Table VIII

Percent Reduction in Bifurcation Load
at 300 F and T = 0.5

Moisture Condition

Laminate 1 2 3
EO-,45. ,"45- .90. 15 13.4 15-5 21-3
t90- ,45-,'"45- ;0- ]S 15!9 17-7 24-5

£45.,-45,. 128 20.6 29.9 2.7

The change in boundary conditions did not significantly
change the panrels’ bifurcation loads. Compearisons cf the
calcul ated ﬁ;s for the two boundary conditions are shown in
Table IX. These results are shown for the original room
temperature values and the worst case values at 300 F and T‘

= 0.5 for moisture condition 1.

Table IX

Change in ﬁ; Due to Changing Boundary Conditions

Moisture Cond. 1, T' = 0.0, 80 F
Boundary Condition Fercent
Laminate Fixed Simple Reduction
[0.,445.,~45.,90.25 514.8 502.8 -2.33
{90.,45.,-45.,0.1S 44¢4.0 4441 -0.43
[45.,-45.1325 428.9 421.6 =1.63
Moisture Cond. 1, T = 0.5, 300 F
Boundary Condition Percent
Laminate Fixed Simnple Reduction
€0.,45.,-45.,90.1S 445,9 434. & -2.53
€90.,45, ,-45.,0,138 37S. 3 373.5 -0.48
(45.,-45. 128 340. 4 328.9 -3.78




Moisture conditicns 1 and 2 cause the initially
symmetric laminate to become unsymmetric. This unsymmetry
introduces bending-extensicn coupling. The influerce of
this coupling can be seen in Figs 16, 17, and 18. For the

£0.,45.,-45.,90.1 laminate and the [90.,45.,-45.,0.1

S S
laminate, this coupling does not significantly change the
R panels’ ﬁ;. There is only a three percent difference

between the two moisture conditions for these two laminates.
[ The difference between the two conditions for the £45.,
; -45.]2S laminate is 10 percent at 200 F ang a time of 0.5..
? The influence of the coupling stiffnesses is greater for
; this laminate because tha magnitudz of the Bij terms are

', larger than they were for the other two laminates while the

magnitude of this laminate’s Qij and Dij terms are generally

emaller.

To evaluate the influence of panel radius on the
moisture—~ and tempercature-caused reductions, the 20 cases
for moisture condition { for the CO.,4S.,—45.,90.]S panel

were rerun with radii of 24 in. (Cases 601-620) and 48 in,

(Cases 701-720}. Az expected, the panel’s original Nx
reduced with increasing radii. ﬁ; changed from 514.8 1lbs.
at a 12 in. radius to 290.86 lbs. at a 24 in. radius to 170.3
lbs. at a 48 in. radius. The percentage of reduction from
this original ﬁx did not significantly vary from those +for
1f’ the 12 in. radius panel. This indicates that the moisture-

and temperature-caused reductions are not significantl
=] Y

! influenced by panrel radiuvs; hence, the results obtained ftor
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the 12 in. radius panel should be valid +or any radius

within the limits of a shallow shell.

Unlike flat plates and straight columns, the
cylindrical shell experiences normal displacements and
rotations prior to buckling. The pre-buckled displacements
for the three panels were very similar with the differences

being one of magnitude. For the [O0O., 5.,~45.,90.JS and

t90.,45.,—45.,0.]s panels, the displacements were small and

within the limits of the emall displacement assumptions.

The displacements for the [45.,-45.1 pana2l were an order

25
of magnitud= larger. A typical plot of the pre-buckled

displacement geometry for the £0.,45.,-45.,90.]1_, panel is

s
shown in Fig 19. This is a plot for Case No. 20 af the U,
V, W resultant component displacements. The scale factor is
20, C00, Contour plots representing 1lines of constant
displacement or rotations for the U, V, W, RU, and RV
displacements and rotaticns for this case are shown in Figs
20-24, The numbers sdjac=zrnt to the contour lines signify
the percentage of maximum displacement that that contour
line represants. The influence. of the fix=ad boundary
conditions are clearly shown in the contour plots.
Additional di=splacement and contour plots for representative
cases for each ply crientation and boundary condition are

included in Appendix C.

The ply orientation and boundery conditions controlled
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the overall shape of the pre-buckled dJdisplacement. The
moduli degradations due to moisture and temperature did not
change the displacement shape, but did influence the
magnitude of ¢the displacements., Figure 25 chows the W
displacements along row 8, which is in the circumferential
direction. Comparison plots ‘or several cases representing
both fixed and simple boundary conditions for the [0.,45.,
-45.,‘?0.]S laminate are shown. Similar plots for the

[90.,45.,-45.,0,]_, laminate are shown in Fig 26.
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CASE NO. 20
PLOT NO. 1, UNIT 0O, STEP 0

3 DISPLACEMENT GEOMETRY

UVW COMPONENT

MODEL SCRLE = .5000E+00, ORIENT. = 0.co0. 63.00,
SOLUTION SCRLE = .2000E+03

7Z

, Figure 19, Pre-Buckled Displacement Geometry for (0.,45.,-45.,90.),
{ Laminate =

b -
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| CASE NO. 20
PLOT NO. 3, UNIT 1, STEP 0
DISPLARCEMENT CONTOURS
U COMPONENT
3 MODEL SCALE = .S000E+00. ORIENT. = 0.00, 0.00,
: SOLUTION SCALE = .2273E+07
90— 98 ] 90‘
80 —80— 80
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80 ~66— 60
0 50— 0
40 40— 40
i 30 36— 30
!
J 20 20— 20
g !
; i 10 — i0
|
|
-; 0 o 0
Ficure 20. U Component Diszplacemeni Contour Plot for (0..1\&5..-14:5.,90.)3
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CASE NO. 20
PLOT NO. 4, UNIT 1, STEP 0
DISPLACEMENT CONTOURS
v COMPONENT

MODEL SCRLE = .5000E+00, ORIENT. = 0.00. 0.00.
SOLUTION SCALE = . 9486E+08

I
= N\

Figure 21, V Cecmporent Disnlacement Contour Ploi for (0..45.,-L3, 590.)5
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CASE NO. 20
PLOT NO. S, UNIT 1, STEP 0
DISPLACEMENT CONTOURS
W COMPONENT

MODEL SCALE = .S000E+00, ORIENT. = 0.00,
SOLUTION SCALE = .4701E+07

0.00,
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. CASE NO. 20

r PLOT NO. 6, UNIT 1, STEP 0
DISPLACEMENT CONTOURS

RU COMPONENT

MODEL SCALE = .S5000E+C0, ORIENT. = 0.00. 0.00.
SOLUTION SCARLE = . 4787€+07

—8

Figure 23, RU Cosponent Displacement Contour Flct for (o.,us.,--’sj.,%.)s
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“ CASE NO. 20
PLOT NO. 7. UNIT 1. STEP O |
DISPLACEMENT CONTGURS l
RV COMPONENT
MODEL SCARLE = .5000E+0C, ORIENT., = 0.00. 0.00,
SOLUTION SCRLE = .4790E+07
=
Q
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Figure 24, BRY Conporent Displzcerment Cosdour Fiov for
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Cac> No, 1
»*
% = 0.0
M.C. 1 |

'—”]:———L- Case No. 20 %
™ = 0.5 ;
300 F '
M.C. 1

Case No. 420

‘ .
3 T = 005
300 F
M.C. 3

. Simple Boundary Conditicn

5 ”X___J__—_L——_L“~j Case No. 101 b
. et

3 M.C. 1

2 Note: Displacements are of magritude 10—4 (in.) fer a unit
axial lcad; M.C, is the moisture condition.

DN SR Y
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Figure 25. Comparison of Pre-buckled W Displacenents for (0.,45.,-45,,90. )
Leminate
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(0.,45.,-45.,90.)8 Fixed Eoundary Ccrdition
T
Case No, 1
*
T = 0.0
cUF
¥.C. 1
(90.,45.,-45.,0.)5 Fixed Bourdary Corndition
\ B
l No. 21
C‘.c
1

Case No. 121
Cc.C

M.C, 1

(s0.,45.,-45,,0.), Fixed Zoundary Condition
o

YSer

Case No, 440
*

T =0.5
300 F
M.C. 3

Note: Displacements are of magnitude 167 (in.) for a unit axial
load; M.C. is the moisture condition,

Figure 26, Comparison cof Fre-buckled W Displacements for
.(o.,1;5.,—z»;m,,cao.)3 and (90.,45.,—45.,0.)8 Lamirates
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In comparing

seen that the £0. [} 45- [ -451 3 g0, ]

the plots for the two laminates, it is

s laminate develops a

moderate but significent hump along the vertical edge for

the fixed boundary conditicn. In Table X, the Dii bending

stiffnesses fcf these two laminates are shown.

Table X
Bending Stiffnaosses for the [0.,45.,-45..90.]8
and [90.,45.,-45.,0.1; Laninates at 80 F and ¥ = 0.0

[0- ’45- ,"43- ,90- J

g [90.,45.,-45.,0.3g

D11 0.72001E02 0.193Z7Z02
012 0.11012E02 0.11012E02
le 0.4Z887E01 0.43887E01
D22. 0.19337E£02 0.72001E02
026 0. 43887E01 0.438387E01
D66 0. 13297E02 0.13297E02

The only difference betvieen the two laminates is the

and D values.

D!l 22

the Bij values are

larger hump in the

its 022 stiffness

laminate. Tt is

Since the Aij values are the same and
zero for this case, it appears that the
[0"45"_45"90'38 laminate is because
ie smaller than the [70.,45.,-45.,0.1

S
possible that these two humps may be

acting as two connected cylindrical parels with a smaller

e bert;ve radius which, along with the larger D1

1 stiffness

. la=ipate, provides the additional

J

st v savse s the {O..45.,—45.,90.]S




laminate to have a higher bifurcation load.

The simple supportaod boundary condition does not
provide rotational restraint along the vertical edges. The
plots for Case No. 101 and 121 in Figs 25 and 26 show these
boundary conditions, The simple supported edge reduces the
size of the hump in each case but the [0.,45.,-45.,90.38
laminate appears to have a slightly smaller- effective radii
which results in a higher bifurcation load.

The shape of the pre-buckled displacemant for the
E45.,—45.128 laminate is similar to those for the other two
laminates. However, the displaéements are an order of
magnitude larger, Figure 27 shows the displacement plot of
the U, V, W displacement component at the same scaie factor
as the previous plot. Figure 28 shows the plots of the W
displacement in the circumferential direction. The drastic
change in magnitude of the W displacement is clearly seen by
comparing Case ﬂo. 440 with Case No. 41,

In order to determine which of the reductions in moduli
is causing the large deflections for the [45.,—45.]25
laminate, two STOAGS-C1 runs were made in which, separately,
the E2 and 612 modali were reduced to 20 percent of the
original values, Plots for the W displacement in the
circumferential direction for both fixed and simple boundary
conditions are shown in fig 29. The reduction in the 612

moduli causes wignificantly larger displacements than a

reduction in £, does, Thiz rapid incresse in displacement
L

with reduced moduli wxplains the large reductions in N

b4
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Fixed Boundary Condition

U — Case No. 41
T = 0,0

M.C. 1

Simple Eoundary Condition

! Case No., 141
T = 0,0

g€ 7

M.C. 1

Fixed Boundary Ccndition

__,.L___ Case No. 4560

*
T = 0.5
300 F
M.C, 2

Note: Displacements are of nagnitude 1073 (in.) for & unit axial

load; M.C. is the noisture ccnditicn,

Figure 28, Comparison of Pre-buckled W Displacements for (45. -L.LS.)2
Laminate S
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Fixed Boundary Condition
R&\\‘ 1]

Simple Boundary Condition 3

- T ——
s i N
4 =

LT

—_——— G12 at 2C rercent

E2 at 20 Percent

Note: Displacements are of magritude 1073 (in.) for a unit
axial load.

Figure 29. Comparison of Pre-Buckled W Displacements with E2 and

G,, Reduced to 20 Percent for the (“5..-&5.)28 Laminate
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noted above.

The maximum displacements for the E45.,-45.]28

laminate, at the bifurcation load, are of the order of 10-1

with extensional strains of the order of 10—2 and rotations
approaching S degrees. These large displacements are
approaching the 1limits of small displacement theory
associated with thz choice of the bifurcation anaiysis used
in this analysis displacement. A more rigorous analysis
using the STAGS-C finite difference program with a non-

linear buckling aralysis would be appropriate for this.

laminate.

Each of the three laminates has a distinctive
eigenvector. Digplacement and contour plots for each
laminate’s eigenvecteor are shown in Figs 3I0-35. The
amplitude of the epigenvector in the displacement plcts has
been exagerated to show (he shape.

The [0.,45.,-45.,90.]1, laminate develops a series of

S
waves that are oriented with the direction of the outer 45
degree plies. The amplitude of the waves increases to a
maximum near the center of the panel. Moisture and
temperature changes and the boundary conditions do not alter
the shape of the eigenvector. The [90.,45.,—45.,0.)5 and
t45.,—45.]2S laminates develop a series of axial waves.

Again, neither the temperature and meisture changes or the

boundary conditicns alter the chape of the eigenvector.
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CARASE NG. 20
PLOT NO. 2, UNIT 0, STEP 0
EIGENVECTOR GEOMETRY
UVW COMPONENT » MODE 1

MODEL SCALE = .5000E+00, ORIENT. = .00, 60.00.
SOLUTION SCALE = .500CE~00
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Figure 30. Eigenvector Geometry for (O.,45.,-45..9G.)S Laminate
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CASE NOC. 20
PLOT NO. 10, UNIT 1, STEP 0
EIGENVECTOR CONTOURS
W COMPONENT » MODE 1

MODEL SCALE = .5000E+00, ORIENT. = 0.00. 0.00.
SOLUTION SCALE = . 3497€E+02

Figure 31. Contzus Flot ¢f W Component of the Eigsnvector for the

{0,,858.,-42,,%,), Laninate
-~
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CASE NO. 21
PLOT NO. 2, UNIT 0O, STEP 0
EIGENVECTOR GEOMETRY
UVW COMPONENT » MODE 1

MOCEL SCALE = .5000E+00, ORIENT., = 0.00, 60.00.
SOLUTION SCALE = .5000E+00
3
e
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Figure 32. Eigenvector Geometr; for (90.,45.,—45.,0.)5 Laminate




CASE NO. 21
PLOT NO. 10, UNIT 1, STEP 0
EIGENVECTCR CONTOURS
W COMPONENT » MODBE 1

MODEL SCALE = .S000E+00, ORIENT. = 0.00. 6.00.
SOLUTION SCALE = . 1528E+03
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S o

¥ \ <

Figure 33. oCocwour Fict of % Comnpenent of the Eigenvector for the

(50,08 ,-05,,0,), Tanirate
: £ 3
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CASE NO. 41

PLOT NOG. 2, UNIT 0. STEP 0
EIGENVECTOR GECMETRY
UVW COMPONENT . MGOE !
MODEL SCALE = 500Ce+0C.  GRIENT. = G.6C.  63.GGC
SOLUTICN SCALE = . 800CE +G0

—————

Figure . FEigenvector Geometry for (&5. ,-45.)25 Laminate




CASE
PLOT NO. 10, UNIT
Co

W COo

SCLUTICN

cCTOR
MPONENT » MOCE

MOCEL Z73LE = .S50302+-00. CRIENT. =

NO. 41
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Figure 735.

Contour FPion ol ¥ Componeunt of the Figenvecter for the
(ub-;-bj-)zs Laninate
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The W and U displacements for the [0.,45.,—-45.,90.1

S
and [90.,45.,-—45.,0.]S laminatzs were found to vary
approximately linearly with the changes in ﬁ; due to
moisture and temperature. Figure 3I4 shows pnlots of W,

measured at the middle of the panel, and U, measured at the

middle of the top edge, vs the ﬁx for the [0.,45,,-45.,90.1

=]
laminate. The closed symbols represent the fixed boundaery
conditions and the open symbols represent the simple

boundary conditions. The lines ronnect the symmetric cases,
represented by circles, while the triangle represents the
unsymmetric moisture condition 1 and tha sguare represents
moisture condition 2.

The 1linear behavior of thezse plots indicatzd that the
changes 1in ﬁ; due to moisture and temperature could be
approximated by a linear function. It was noted previously

that several additional STAGS-Cl runs were made with the E

N

and 612 moduli individually reduced for the [45.,-45.1,

laminate. Similar runs were also made for the (0.,45.,-

(¢]]

45.,90.]5 and t90,,45.,~45.,0.3s laminates. A plct of the
results, Fig 37, showed that ﬁx was almost a linear function
of the reductions in moduli. Linear relaticnships between
the reduced E2 and G12

these equations, the ﬁy is calculated as a function of the

moduii and ﬁx were cdeveloped. In

reduced moduli which is represented as a percentage of the
originzl wreduli  wvalu=,. By combining thece +two linear

functions, one gqguation relating the ﬁx to the reduced

80
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A Moisture Condition 1, Fixed
B8 Moisture Coraition 2, Fixed
- @ \Moisture Conditicn 2, Fixed
- 2 O Moisture Cerditiorn 1, Simple
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moduli was developed. This equation is dependent upon the

: ply orientations and bocundary cornditions, but independent of
F_ | the time, temperature, moisture concentrations, or panel
g | radius within the limite discussad sbove. ]
; To calculatg the ﬁ; at a particular time and
R temperature, the Fick equation is used to calculate . the

moisture concentration distribution through the thickness. i
9 Using these values and the temperature, the reduced moduli

are determined from the test data. An  average reduced

moduli value, represented as a percentage of the original

moduli, 1is calculated for the laminate for both E, and €

2 12°

These values are input into the equation for the particular

™
J laminate ply orientationz and boundary conditions. The
panel’s ﬂ;, as a percentage of the original ﬁ;, is
calculated.
‘ The three ply arientations and two boundary conditions
k used in this thesis require six equations to predict the ﬁ;. I
The general form cof the 2quation is shown below along with e
table of the slope and intercept values for each of the six
cases.
: N, =m E, +b, +m, 6, +b, - 100 !
'3 where: ﬁx - reduced bifurcation }ogd expressed as
g percentage of the origirnal ﬁx
.; €. - reduczd transvIrse moduli expressed as
’ < percentage of tha original E,
. G - reduced sheer modull expirossed azg &

L}
¢ - percentage of the original &

12
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For the reasons discussed previously, this equation

does not include the effects of any change in E1 or qu.

However, the equation could be modified tc include these

changes.
Table XI
Slope and Intercept Valuas
Laminate E2 512
m, b1 m., b2
[0.,45.,—45.,90.]S
Fixed 0.1532 84.48 0.1094 89.06
Simple 0.1554 84.46 0.109% 89.01
[90.,45.,~45.,0.JS
Fixed 0.2099 79.01 0.,1031 89.4%
Simple 0.2097 79.02 0.1044 89.56
[45.,—45.]25
Fixed 0.0772 92.28 0.456156 53.84
Simple 0.075%9 92.41 0.4776 52.24

The values of m1 and m2 allow comparisons to be made of
how equal changes in the values of E2 and 612 influence the
change in ﬁx' It was noted above that the [90.,4%.,
—45.,0.]S laminate 1loses more buck:ing strength than the
tﬂ.,43.,-45.,90.]s laminate does for each moisture and
temperature conditions. From the above values of m, and m.,

for these two laminates, the apnorent reason for this is

that the m, for theo C?O,,4S.,—45.,O.JS ianinate is about 30

1

percent larger than the m., value for the CO.,4S.,—4S.,9O.]S
Fy
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laminate. Thus for equal changes in E1, the (90.,45.,

—45.,0.]S laminate’s bifurcation load degrades more rapidly,
The comparison between the m, and m, values for the

£[45.,-45.1 laninate supports the conclusion reached above

25
that the change in 612 is the major cause of the large
reductions in this panel’s Ex'

Compariscons of the ﬁ; values calculated using this

equation and the STAGS-Ci calculated ﬁy values for Cases 1-

20 are shown below. Additional tables of comparisons for
other cases are shown in Appendix D. In most cases, the
maximum error was less than S percent. However, in some of

the [45.,-45.1] cases, the error reached 10 percent. This

28
may be because, at the higher temperatures and moisture

conditions, the resulting large displacements and rotatiasns

are influencing the accuracy of the STAGS-C1 program.




Table XII

Comparison of Predicted and Calculated ﬁ; Values

Case 8TAGS-C1 Predicted Percent
No. N Value N Value Error
X b

514.8 514.80 .00
514,2 514.54 .07
512.5 515.59 21
910.5 510.99 «10
909.7 S509.57 =.03
493.3 492.23 ~a22
492.1 451.64 -.09
488.7 48%.34 » 13
484.5 483.07 -.30
482.3 84772.47 ~-.59
£82.3 481.10 ~a25
47%.8 47%.738 « Q0
472.3 474.71 .91
462.8 460.86 —.42
458.0 452.93 -1.11
480.4 47%.19 -e25
477.1 477.35 . 05
4566.8 470.05 «70
453.2 450.20 —a b6
445,9 438.59 -1.64
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V1. Conclusions

On the basis of the finite element analysis, the
following conclusions can be made for cylindrical, composite
panels subject to moisture exposure and elevated
temperatures and lqaded in axial compression.

1. The results of the STAGS-C1 finite element
aralysis, using modified flat plate elements, compare well
with the STAGS-C finite difference analysis, using a curved
surface represéntatinn, in predicting the bifurcation load
of cylindrical panels using the linear pre-—-buckl ed
displacement analysis mocde.

2. The simpler 4 noded quadrilateral firite element
(SH410) had better convergence characteristics, was more
economical to use, and vielded results comparable to the 4
noded quadrilateral with 4 mid-side nodes (GH411) when
calculating the panel’s bifurcation load.

3. The bifurcation load of a composite panel, with a
resin material whose elastic moduli are reduced by absorbed
moisture and elevated temperatures, will degrade with
increasing moisture concentrations and temperatures.

4, The extent of the degradation in the bifurcation
load is influenced by the degree of moisture concentration,
the temperature, and the panel’s ply orientations. At 300 F

and & moisture weight gain of 1.C35 percent, the [0.,45.,

-45.,90.]S panel experienced a 21.3 percent degradation, the
[90.,45.,—45.,0.33 penel experienced a 24.5 percent

cegradation, and the [45.,—43.325 panel experienced a 42.7
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percent degradation.

S. A change in the rotational restraints of the
vertical, straight sides, from +fully <fixed to simple-
supported, did not significantly reduce the bifurcation load
or change the moisgure— and temperature-induced degradation
characteristics for a panel aspect ratio of 1.

6. Increasing the cylindrical panel’s radius decreased
the panel’s bifurcation 1load but did not significantly
change the moisture- and temperature—-induced degradation
characteristics.

7. The bending—-extension coupling reculting from the
unsymmetric moisture concentration distributions, which
resulted in an unsymmetric laminate, did not significantly
influence the bifurcation load.

8. The ecvylindrical panel’s bifurcation load is
influenced by the ply orientaticons and the panel’s pre-
buckled displacenents which vary with diffarent ply
orientations.

9. The reduction in the bifurcation 1load due to
moisture and temperature was, 1in general, linearly related

to the average reduction in the transverse, E and shear,

2!

G moduli, A linear relationship can be develcped using

12°
the results of three STAGS-C1 runs for each ply orientation,
panel aspect ratio, and boundary conditiong from which the

bifurcation load can be calculated from the average E., and

612 valuss for any mdisture and tampesrature condition.
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Appendix B

Case No. 1-20 (0.,45.,-45.,90.18
Laminate Nondimensional Time
Temperature
(Deq. F)! ©.00 0.001 | 0.01 I » T § i 0.5
80.0 514.8 514.2 512.5 510.5 509.7
1 .9988345 .9955322 .9916472 9900732
200,.0 493.3 492.1 438.7 484.5 482.3
] « 9582362 9559052 .9493T007 9411422 ,9368687
f 250.0 482.3 47%2.93 472.3 462.8 458
E « PT6LEBT7 L PT20124 9174437 8989399 .L3964L59
- J00.0 480.4 477.1 f866.8 453.2 4A5.9
- «9IIN1779 Q267677 F067599 .83ICT419 .BLELLLE
3
E Case No. 21-40 £90.,45.,-45.,0.1S
] Laminate Nondimensional Time
' Temperature
" (Deg. F)! 0.00 0.001 | 0.01 t 0.1 i 0.5
i
80,0 444 445, 1 442.9 440.9 440.1
1 .9979821 .9930493 .9883650 .9867713
200.0 422.2 420.9 417 412.9 410, 6
b » P466TH8 9434978 9349776 9257848 9206278
' 230.0 ~£12 4Q9 400.5 392.1 3I84.7
. « 9237668 .2170404 8979321 8791480 670404
300.0 410.5 405.3 395.4 382.7 375.3
« 7204036 9121076 8365471 8980717 .8414798
' Case No. 41-60 [45,.,-45128
Laminate Nendimensional Time
: Temperature
' (Deg. F)i 0.00 0.001 i 0.01 P 0.1 ! 0.5
) 80.0 428.9 428. 4 427.7 426.7 426.4
~f 1 9993005 .9972021 .9948706 ,9941711
! 200.0 408.4 407.9 406.1 4Q1.4 I97.7
'. « 9G2203F . 9D0B2454 . F46L3408 ,9TEBV2S . 9272558
250.90 I37.4 335.-3 382.5 371.4 J362.2
| 9032402 ,FC0LTAL JHEFLIBIAT (28NS TAL L 84442T
J 3I00,.0 31.7 n8n, 3 375 Etal-Pr. 340.4
3 «E897310 .B8EH4LB859 8743297 5314292 7936532
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Cagse No. 101-120 ([0.,45.,-45.,90.15
Laminate Nondimensional Time
Temperature
(Deg. F):! 0.00 0.001 0.061 i 0.1 t 0.9
80.0 502.8 902.2 500.5 498,95 497. 6
1 .9988047 .9954236 .991447% .9B56579
200.,0 481.2 480 476.6 472.4 470. 3%
« 9970406 95446339 JF47EQL8 JFIPSIBE . 9ITIE20
250.0 470.3 4467.8 460,32 451 4446.3
«DIDIL20 . 9T0TEIS . P154733 L 89L9749 .8874293
300.0 468.5 865.2 455 441.7 434.6
9317820 .9252188 .9049324 .378480T7 8643394
Case No. 121-140 [90.,45,.,-45.,0.31S
Laminate Nondimensicnal Time
Temperature
{Deg. F)! ©.00 Cc.0on1 0.01 V0.1 1 0.9
80.0 444, 1 44X, 3 441.2 439,2 435.4
1 .9981986 99344699 ,.9889664 .9871&51
200.0 420.6 419,3 415.5 411.5 409.2
« 2470840 441557 .RISE001 . FE5931 9214141
250.0 410.5 407.7 399 I89.9 38T
« 9283414 .F1BIILS 87944463 87793554 .£669219
300.0 8409 405.3 3923.8 380.9 373.5
« 9209637 9130326 .8BB673I72 8576897 .8410268
Case No. 141-160 (45.,-47.128
Laminate Nondimensional Time
Temperature
(Deg. F)i ©.00 0.001 0,01 t 0.1 t 0.5
0.0 421.6 421.3 420.5 419.6 419,2
1 .9992884 .9973909 .795254H2 .9243074
200.0 401 A400.5 398.6 I93.6 389.8
«9S113ES . Q499526 .94T4459 93352863 . 9245731
250.0 379.7 378.5 I74.3 362.3 352.9
CFNOB167 8977704 L 837808F Q597484 83 /0493
300,00 ErR.Y 272.3 Te6 Ia5.8 328.9
«8B6EI76 JE3IVLALS JBLHEL1214 9202087 7001233
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Case No. 201-220 [0.,45.,-45.,90.1S
Laminate Nondimensinnal Time
Temperature
(Deg. F)! 0.00 0.001 ! 0.01 i 0.1 i C.5
80.0 5i14.8 S514.4 513.3 S511.7 510.7
1 9992230 .9970862 9937782 .9920357
200.0 493.3 491.9 487.95 422.7 480, 3
« P5B23I62 .I9S5D167 9469697 9376457 9329837
250.0 482.3 479.2 468,.9 458 452.6
« 2368687 .9I0BLLT? .F108392 .E£896559 .8791754
300.0 480. 4 475.6 360 443.1 435. 1
«9PIIJLIT779 .FZ3IBDIT? LG93IES09 BL07226 .84518Z%
Case No. 221-240 [90.,45.,-45.,0.18
Laminate Nondimensional Time
Temperature
(D=2g. F)>!{ 0,00 0.001 i 0.01 i 0.1 { 0.5
80.0 8435.9 445.1 443.2 443.9 440,9
1 9982059 .9937448 .9910294 ,98878367
200.0 422.1 20.8 416.7 411.7 407,13
« 2466248 9437094 9335145 ,9233012 9174703
250.0 411.9 409 I99.7 >€8.4 IE2.6
« 27497 91724460 .896389F 8710473 8520399
300.0 410.5 405.7 I9E.7 375.5 Z66.9
« 9206100 ,2120879 .8829334 .£8421171 .8223302
Case No. 241-2460 ([45.,-45.128
Laminate Nondimensional Time
Temperature
(Deg. F)!{ 0.00 0.001 i 0,01 I 0.1 f 0.5
80.0 428.9 428.7 428.3 4z27.7 427.3
1 9995337 9986011 .9972021 (9762695
200.0 408.4 407 402 393.5 389.5
« PE2203IT .94893I21 9372814 9174433, .9081371
250.0 397.4 384.2 3I72. 14 35101 J41.1
e FOTNALE L LFSTT7I9 (BLT7IEB2 L GIGLHOS5T7 7952703
I00.0 IgL.7 7L, oS, 319 300,9
28892310 .87 /87w 8295540 7437631 L7015621
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Case No. 401-420 (0,,45,,-45,,90.)S

Laminate Nondimensional Time
Temper-ature
(Deg. F)! ©,00 | 0,001 | 0,01 ' 0.1 i 0.5
80.0 514.8 $13.8 S11 507.8 506.8
1 99805735 .9926185 .98B64025 .984450C
200.0 493.3 490.8 482.9 474.5 471.4
« 2T823I62 LISITEOO (PINRN3IL2 9217172 .Q1T46934
250.0 a482.3% 8476.6 458.7 439.8 432. &
293868687 9257764 .£8P10ZTS .B543124 8403267
250.,0 480.4 472.3 445,.9 417.1 405

« 9331779 9174437 .8BLL1616 .B10O2176 .7B67:33

Case No. 421-440 (99.,45.,-45..0.)S

Laminate Noridi mensional Time
Tempeorature
(Deg. F}i 0.00 | 0.001 t 0.01 t 0.1 i 0.5
§0.0 445.9 444.3 440.3 a4x7.3 436. 3
1 9964118 .9874411 .9807132 .9734705
200.0 422,.1 419.4 411.4 403 3I99.7
2866248 924054696 (9226284 9037901 .8963FT893
250.0 411.9 306 387.8 3469 Ih1.2
« 9237497 .9103181 .8697017 .8275398 .8100471
2950.0 410.5 403 378 349. 4 336, 6

» 9206100 .F037901 8477237 .7840323 .75489778

Case No. 441-460 (45.,-45.)2S

Laminate HNondimensional Time
Temperature
(Deg. F)! G.00 1§ 0.00Y | 0.0i1 i 0.1 0.9
80.0 4298.9 428.4 427.2 425.8 425.4
1 .9928342 .9960364 ,9927722 .2718396
200,0 408.4 1406.5 I99.7 386.8 X792.95
» PTR22ATT L9477734 .93191829 .9018419 .88948216
250,0 3a87-4 X33.1 367.3 335.2 3146
LPOSTADE L G930SD JBALETAD JT7B1ETAR (T3IATLES
250, 0 53r.7 79,1 req, 1 290.7 24%=.7

LEB?PL10 . BY765628 J8132426 6777804 35728608
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Case

Laminate
Temperature
(Deg. F) '

No. &0i-620 (0.,4%,.,~-45.,90.)95
Radius = 24 in.

Nondimensional Time

0.00 ! 0,001 ! 0.0 { O.1 { 0.5

80.0

200.0

290.8 290.5 299.6 288.5 208.1
1 .998768 995873 992091 (990715
279.3 278.7 Z276.8 274.5 273.4

« 260454 .9C2IP1 .951IB57 .F4T918 .240165

250.0

273.5 272.1 268 262.9 2&0.4

. 240509 .935695 7218946 .F90L05S .B9L461L

300.0

272.5 270.7 265 2857.7 254

« 937070 .F30830 911279 .BB617&L .BT7IJES

Case

Laminate
Temperature
{Deg. F) H

No. 701-720 (0.,45.,-45.,90.)8
Radius = 48 in.

Nondimensicnal Tima

0.00 | 0.001 | O0.01 | O.1 !} 0.5

80.0

I3

200,0

250.0

PR L R TY Y T
'

300.0

TnAT T

170.3 170.2 169.7 169.1 148.9
1 .999413 996477 .992%54 991779
164.5 164.2 143.2 162 161.4

« 965742 .964181 938309 .PB1262 747739

161.5 1£0.8 158. 6 156 154.7

« 948326 JFI42186 JFIL293 L916031 L F0BETFTV

160.7 160 157.1 153.3 15,4

« 944803 .939518B 922490 9001746 .889019
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CASE NO. 40

PLOT NC 7. UNIT 1, S5TEP
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Figure e, Lase 40, AV IMispizcerecrt Corrponent
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PLOT NO. 1, UNIT 4. STEP O
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CASE NO. 120G
PLOT NOC. 1, UNIT G, STEP 8
DISPLACEMENT  CEOMETRY
UVW COMFCNZNT
MCDEL SCRLE = .OCOCE+CC.  CRIENT. = 0.G0C, 6C.CC.
SCLUTION sChLlz = .200Ce =05
§.
§

132

Al PO .




AU PER SRR A S g
N . ’

CRSE NO. 120
PLCT NO. 2, UNIT G. STEP 3J
EIGENVECTOR GEOMETRY
UVW COMPONENT . MODE !

MOCEL SCALE = .5C6CCE+0T,  CORIENT., = U.GC. §6.C0.
SOLUTICN SCALE = .o0CCe+20

[/]]

[11]/]]
////(J
v
i
AN
L*J{

K7
:
I
\

Figure 65. Case 120, UVW Eigenvectcr Compornent




nw A \$ e Nal -
e i Y S ————— 1 -4
© \\\Mﬂ\\\HMHUHHHHHPme W.-l;wilaillill::MWHl II!//(IJ
- \ —_—— —
- g e S
. Se— TTTr—————=§ S, \\\\
O T~ - i.?fl‘Q\ln\\\\\l\\.d.\\\\
P S Lk..r!;ﬂ\\ll\\

1, STEP
URS
CRIEN
1674€+09
\\
|
AT
\ !
|
& ~ [
) ‘ i 1>
I
| i
u o
\
Displacement Conpenent
134

CONTCt

- 4
— © —— e
o = "W \/u\ =
N D O T ~<a_ - mw
— 3 e ™~ S
- : e ~ @
< - Z ¥ T e 2 T 3
Z il O
. W) = ) \// o .
) = o a T T T o 3
=z -wa Yy P Y =
O W= T e T T A S~ 'y
w = T o W) WM — L G P T 3
) — O — \ - c..u\\l»\l\l\\\\lsiltll.i.llmt\ —— T~ Q. S~
aT +— C . e N AN
OO W S 3 ayd o
=28 (& o)
o« o> S 1 h R
] el um,l.l’in 43 I.Lv“\llll\ /
8= b~ 8




. 9 . [ PN
P s — . ] i L € b

Bidais
1 A
«

o R & — _
© e T NI I T LR STl SIS T
© I e N\
BT i ik t I!Hs\.nt\a\\ﬁ,.//ﬂ, Vi
\\ \ \\\\r/ e — lMMW ll\\\‘\w.w\\\J/ ,/ ., _ _
) / I A p— ~—gg___ - I.lio.r« — Vi \ j
5 i Hiy
° F i i
© I ISR NER R
T e — TInT
o : b T . \ SRR
- . , , , e K e ——— gy * AR _ &
e o r_ “ .ﬁ byl “ ©
oo HiN S
3 S 1 / 1
© . x | 1! ’ # V _ f
b= & © I __ &
— 7 o ] _ ! * \ . =
Oz O 3o N I ¢ | X
N W o :_ " __ S — — . =
- ) ‘ i \ m m ,r..“
N - TN . -85 !
Sog e ||
o=y I\ﬁ B L e ,_,__:; .
o = o '« T . . _: O
Z W Wy T \ e ;,f/.//._.m_; 8
o U= &° il f:, g
Wz ad o Sz \ ,_ | r T; 2
@ 0 s , N S ﬁ(\/\
o O\_ o Q \ /ﬁ//.\\\.@_q.\\mﬁﬂﬂ\! i.umili./, \\
- — S yiry - .=
a 0O X = _ d/,/MLUH\IMM“\\..,wW e L.,}l Wyl»s\\\ \\




CASE NO.

DISFLACEMENT

MOCEL SCALE =
SOLUTION SCALE =

PLOT NG. 6.

RU COMPONENT

120
UNIT 1., STEP C
CONTOURS
.S00CE+CC.  CRIENT. = C.0O0. G.0G,
. 42Z00E+07

s\
3 \\\;\\\\
|
(

80 ¥

56 J
S

40

— e e o .AL,.

\
)
o
\
\
$

. Case 129, U Displacement Compenent

136




PLCT NOC. 7, UNIT 1, STEF U

DISPLACEMENT CONTCOURZ
RV COMFONENT
MODSL SCALE = .506CE-CT. SRIeNT. = 5.00 0.CO0.

:

; CASE NO. 120
y

r

]

3

}

i-

r\

- SOLUTICN SCALE = .5025€E-G7




YTV

e Ein taba Ut

CARASE NC. 140
PLOT NC. .1, UNIT (§. STEPR 0
DISPLACEMENT GCECMETRY
UVW COMBECONENT

MCODEL SCRALE - .oC0ct
SCLUTION =CALT = .0

Figure 70, Case 140, V¥ Disrlacement Component

128

-

60.C0.

......




140

NG.

CASE

O . O O
. £} & ———
: P e
: D G- [ 7t . U ~.
© - \ e 1 0 ———— £ W..Nl” ™~
P - H— — ~ N
~ / ~ . \
~3
/ \ /o
. L ,
< N ~ 3 - P
O 'S / - ™40 _ _ " \ﬂx /
) N S, T - \ 2
© e :.// qu/h em— Il\\\\\\\\\\rk o ¢
g ] Tk sa ’ \-\\,\\. 7 LI
Q. T B L A \\id\. s
i1l o T~ - ! ﬁw
b B «.
: M 42
) b T ——— e L _ L
zZ . o
5 ——— e TN
g - . g
-y © S
— S ; e o>
ﬁflﬂ (] ] ﬂ\.,,,
:l»-‘ N # -
— O e I
— 3w U S P \ .
il V 4+ N \u! - \\ h
2z O N e P
9 8- 7 |
1 . 5
D o s o=
[Fp) e \\ !

- — P T e . _ , . N
~t - 2 \ e —— .. “
=il e _ |

wl =z o g - : -
= =z - _ £5.. I~
Z o = o T A — P
g oo WO P e o 6o — — L
) \ = M - P TTee— =}
~ h‘H M.wu. r - / s il T~ ) * uuo
< 0O &) 4 7 T T TR T TS ' -~
N — e - 1 fx,
—~ a = _ 4 e \ |
5 o
O o o i \ o
= = Vol
N ~—85- P — i *
a. O > by mm; b~ L
—- e 1 ) — _




.Go.

Go.

C.

L. STeP
CRIENT, =

CONTOURS
L 5204E-07

UNTT

140
.8GO0E +CC.

'\O .

COMPONENT

CASE NO.

PLCT NO.
SOLUTION SCALE: =

DISPLACEMENT

MOOEL SCALE =

W

S
///.*.
Ny
i
2
phi o
s
Diprriid, Ea
\L:z <
i)
H
::_:_ 2
i Ty
.:, 503
i =
RIS
BRI
IEERRE
_,mmj
g ¢
e
RERRRE Y
4 Tty -
! R
IR R RS !
V] =2
w __m{ .
__ ,n«..
\\m_\\.‘\_.\
)
—




' CASE NG. 140
PLOT NO. 6. UNIT 1., STEP 0
OISPLACEMENT CCONTOURS
RU COMFONENT

MODEL SCRLE = .5000E+006. CRIENT. = J.Co0. C.GGo.
SOLUTICN 3CHRLE = .36628+0G7

\

2\

1 1 [ B ]
o [SL IR CO

[$3 [N S A ]

: 5\5\ \g /\> |

8C

\__
—~
/‘\
— A
o
[&]

9
e ———
—_ .—J‘—"’_’-—%--/
e

S~

83—
— ——— ——

e
———— o

. l . l |
. /
£ bt t Lo
| eo\\ / // ‘ \‘\(, s
‘
& /
i 8C //// // <\\ E \\ KJ ~-83
t s < | SNE
28 ["‘/_‘ \ | ~ i
i a3 \ - : . \ %
i
' Figure 72, Case 1403, FU Displacenent Corponent

| 141




a———

L ke

—— et - M e amm

CASE NO. 140
PLOT NOC. 7. UNIT 1. STEP O

DISPLACEMENT  CONTCURS
RV  CCMPONENT

MCOEL SCALE = .OC0CCE+CO. GRTIENT. = 0.CG. G.GGC.
SOLUTICY SUARLE = .412CE+G7

Figure 7k, CTase 140, HY Dispiazcerent Conponent

hz




A\ 4//,,:.?--- SN
A A
BB

4

t. GComronent

Gase 160, UVW Displacemen

Figire 75.

[LLL

/ \\w \\\\\@

P A



N
O
F--
[V
— 3.
—i (D
= il
oo
i)
N
r:
D

~

R

WS
N

(W]
L3

o

cn
[

LECGlE -

A

Case 1£C, UVW Eigenvectcr Component

,

Flgure 7¢.

144




CASE NO.
PLOT NC.

160,

E: _ - — S
‘ I
| e
L ———
3 3¢ :/ T ¢C
: o - N
- | 5
y | |
{ 70 {,.,____, T T T C
]
6C b— - 56 55
|
- S0 £0——— —ise
.: ! I
40 b e - B PG --j ar}
» AW h—— _—
20 ——— ) g 3C
’

b
-
[=)

PO .

- Figure 77.

- LT i |

case 1€0, U Displacement Component

15

e e e et {3 e e -

(3]

P, PREINE 0 A ot




w

ND .
NG

CASE
PLOT

3

DISPLACEMENT

(g

o

Ga.

SOLUTICH

L10428-C3

6 - —

a /1. i& \

. o
‘\nlv-.m;.lllll .Ii.?-lvl.A .\lq |,i||u'l|||l 'Ixc

- i s g e e e e

- Kl.f. T r:n T e——

! '
! ; .
R iy st ; SE S L A
AN ——— R e 3 \
S e | (S
s et — 2 s
J 1 -

V Displacerent Component

':O;
14€

-7
r

Case 1

Figure 73.

v —————— '
® t &




160

NO .

CASE

(O]

=
-
()
—J
a

(8]
[
(&)
(38}
(]
3
7
e
-
[
[}
(o
4
)il

CE L0,

-
SRS
.
[}
o

!
il

‘i
[ S
—
v
s v

-
—_
VS

[YEEE
[
I

gL

A

ESOETE

e b

PR T: R

e e e

d
&
|
j
|
t
|

——— el

e . e e e

.....

zure 79.

i3

F

147




_ &
-3
* L
' H
' g
€ D L [N« BN o BN o] M
. Y VAR D W T oy &
o (&3 | _ 1 1 1 t [} [ = )
& T - I S I " i
. \ Rl - T — G 1
o / /, // . v ) \ _. w .
\ N e e T .
T Mo G Y, .
’I;!.ll.’lll’m:b{ e ‘\LHNQ\\\ ] a
() T . e -
: — T e — [
o — 5] ——— e —" D
———— g 2
Q@ W w
S
G
it [&]
. +2
[ Ml.w
e £
il Fa
.- I
o A
o 1C_
w llll\\\\N 0
P Y H ot
-+ P ~——— ; = o9}
O w . e e G T -\5_ >
o~ \\\>/,\\lllqll¢l\s —t s 3
v~ ~
W w y { -
o~ g ~ =
(6] _ [
2] !
| |

TN~ 3
LT

B U S
e TTe— -

.- - -~ \\
o e [1./!!1\/\/\

e B

e o —
\\\M\ ,
\ B o 56
e 1 W —_ l..lj
l\ \\ i T ety >

\
O OO0 L D [« &)
N T O m ® O

calc
Figure 80.

——ag
A /
{

e

T i L

B
SCLUTICN SCALE.

MCOEL

2




CASE NO. 160
PLOT NO. 7., UNIT 1, STEP O
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Case
No.

21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
34
37
38
39
40

41
42
43
44
as
a6

48
49
50
51
52
93

55
S6
57
58
87
&0

STAGS-C1
N Value
X

446.0
445.1
442.9
440.9
440.1
422.2
420.8
417.0
412.9
410.6
412.0
409.0
400.5
I92.1
386.7
410.5
406.8
395.4
382.7
375.3

428.9
428.6
427.7
4246.7
426. 4
408. 4
407.8
406.1
40%i.4
397.7
387.4
I856.3
382.3
371.4
362.2
381.7
380.3
375.0
356.6
340.4

fppendix D

gredicted
N Value

%

446.00
445, 69
444,57
441.48
439.79
420.98
420.34
417.27
411.15
407.33
410.24
408.82
403.43
389.67
360. 33
408, 68
406.75
399.17
378.51
36b6.56

428.90
428.79
428.739
427.30
426.70
404. 565
403.89
400,70
I92.06
386.81
379.29
377.54
370.16
350.23
338.09
372.58
3469.74
357. 63
324.94
304,86

150

Percent
Error.

« 00
«13

« 38
.13
-~.07
-e 29
~.11
« 21
—.42
-.80
-. 43
-, 04
73
-.87
-1.65
-o 844
' 01

« 93
-1.09
~2.33

=00
.04
<16
.14

« 07

- 22
et ] 96
-1.33
-2.33
~2.09
-2.27
-3 22
-5.70C
-b. &b
_2. 39
~-2.78
—4, 63
—8. 98
-10.44%
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Case STAGS-C1 Predicted Percent
No. N Value N Value Error
»® X
101 502.80 502.80 .00
102 502.20 502.54 .07
; 103 500.50 501.41 .22
3 104 498.50 499,03 .11
1 105 497.60 497.462 .00
106 481.20 480.4% -. 15
107 480.00 479,90 -.02
108 476.60 477 .63 .22 J
109 472.40 471.43 -.20
110 470.30 4467.89 -.51
111 470.30 A69.52 -.17
112 4467.20 468,22 .09
: 113 4460.30 453.21 .63
2 114 451.00 449,53 -.33
115 446,30 441.71 -1.03
116 468.50 467 .65 -.18
. 117 455,20 445,83 .14
e 118 455, 0C 458,63 .89
) 119 441,70 439.03 - 60
120 434,60 427.58 -1.61
121 444,10 444,10 . 00
122 443,30 443,79 .11
123 441.20 442,60 .33
124 439,20 439.61 .09
125 438.40 437.92 -.11
126 420.60 419.164 -.34
127 419.30 418.51 -.19
128 415.50 £1&.06 .13
129 411.50 409.34 -.52
p 130 409.20 405.54 -. 50
131 410,50 403, 40 -.51
132 407.70 406.99 -.18
E 133 399,00 401.60 .65
: 134 389.90 386.87 -.78
2 135 385.00 378.54 —~1.68
K 135 409.00 406.83 -.52
. 137 405,50 404,90 - 15
. 138 393.80 I97.33 .90
i 139 380.90 376.69 -1.11
3 140 373.50 364.74 -2.34
!
k|
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Case STAGS—-C1 Predicted Porcent i
No. N Vvalue N Vvalue Error :
X ® *
14} a421.56 421.60 « 00
142 821.3 421.50 « 095
143 420.5 421.11 .15
144 419.6 420.06 «11
145 419.2 419.48 «07
146 401.0 397.32 -.92
j 147 400,95 396.55 -. 9%
; 148 398.6 3I73.34 -1.32
149 3I93. 6 I84,65 -2.27
150 382.8 3792.36 -2.68
151 3792.7 371.62 -2.12
152 378.5 369.86 -2.28
153 374.3 362.43 -3.17
1S4 I&2.3 342.35 -5.51
155 352.9 330.11 -b6.46
156 I73.9 364,80 -2.44
157 372.3 361.93 -2.77
4 158 36b.0 J49.70 -4,45
f - 159 345.8 316.71 -8.41
160 328.9 296.44 -9.87
401 514.80 514,80 M ele]
4Q2 5913.80 514.29 .09
403 911.00 5912.39 27
/04 207.80 S07.72 -. 02
405 5046.80 H506.33 - 09
40646 493,30 492.23 —e 22
407 490,80 491.04 « 05
408 A82.90 404,45 » 73
509 474,30 474,78 « 06
; 410 471.40 470.05 - 29
S 411 492,30 481 .10 - 29
/12  4756.60 478.47 39
413 452,70 468,32 2.10
L 414 439,80 442.58 « 63
: 415 432.560 432.28 -. 07
3 216 480.49 4795.19 -, 25
| 417  472.30 475.51 .68
. 418 445.90 4460.91 3.37
E | 8419 417.10 aA23.34 1.50
~¢ &520 405.00 406.15 28
|
L
b| 182
|
§
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Nl

Cace STAGS-C1 Predicted Percent
No. N Value N Value Error
5 X X
g
3 421 445,90 445,90 .00
422 444,30 445,29 .22
: 423 430.30 443,04 .62
i 424 437.30 437.49 .04
3 425 436.30 435,85 -. 16
‘ 426 422.10 420.89 -.29 ?
427 £19.40 419.59 .05
428 411,40 414,67 .80
429 403,00 402.26 -.18
430 399.70 397.55 -.54
431 411.90 410.15 -. 42
432 406.00 407.31 .32
433 387.80 396.52 2.25
: 434 3469.00 369.36 .10
4 435 361.20 359.25 -.54
3 4346 410.50 408,59 -.46
o 437 403.00 404,72 .43
) 433 378.00 389.546 3.06
: 439 349. 60 350.89 .34
440 336.60 334.04 -.76
441 428.90 428,90 . 00
442 428.40 428,68 .07
443 427,20 427.89 .16
X 444 425.80 425,93 .03 '
> 445 425, 40 425.34 -.01
446 408. 40 404,65 -.92
447 406.50 403.13 -.83
438 399.70 396.74 -.74
449 386.80 379.84 -1.80
450 379.50 370.37 -2.41
- 451 367.40 379.29 -2.09
L 452 393.10 375.79 -1.91
' 453 5&7.30 361.04 -1.7
- { 454 335.20 321.99 -3.94
'; 455 316.00 300.05 -5.05
| 4586 381.70 372.58 -2.39
g 457 375.10 366,90 -2.19
) ! 458 389,10 342,67 -1.84
& 459 290.70 278.19 -4.30
4560 245,70 240.57 -2.09
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F Case STAGS-C1 Predicted Percent
3 No. N Value N Value Error
X A
601 290.80 290.80 . 00
602 290.50 290.65 .05
' 603 289.60 290.12 .18
1 604 288.50 288. 65 .05
‘ 605 288.10 287.84 -.09
606 279.30 278.05 -.45
607 278.70 277.72 -.35
608 276.80 276.42 -.14
609 274.50 272.87 -.59
g 610 273.40 270.85 -. 93
\ 611 273.50 271.76 -. 63
3 612 272.10 271.02 -. 40
613 268.00 268.15 .06
614 262.90 260.33 -.98
615 260.40 255.85 -1.75
516 272.50 270.69 -4
A 617 270.70 269.65 -39
618 265.00 2465.52 . 20
619 257.70 254,31 -1.32
620 254.00 247.75 -2.44
701 170.30 170.30 .00
702 170.20 170.21 .01
. 702 169.70 169.90 .12
" 704 169.10 169.04 - 03
. 705 168.90 168.57 -. 20
706 164,50 162.84 -1.01
707 164,20 162. 64 -.95
708 163.20 161.88 -.81
» 709 162.00 159.80 -1.36
- - 710 161.40 158.61 -1.73
. 711 161.50 159.15 -1.45
3 712 160.80 158.72 -1.30
™ 713 158. 60 157.04 ~-. 99
N 714 156.00 152.45 -2.27
~] 715 154.70 149.83 -3.15
3 716 160.90 158.52 -1.48
§ | 717 160,00 157.91 -1,31
| 718 157.10 155.%0 -1.02
‘ 719 153.30 148.93 -2.85
720 1S51.40 145,09 ~4.17
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